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Why studying pA collisions?

Study of pA collisions started back in early 1970’s
and its role has been evolving since then

A reference to study particle Late 1980's till 2000’s, “cold nuclear
production mechanism in pp matter” effect as a reference of “hot
nuclear matter” in nucleus-nucleus (AA)
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Game Change: the “ridge” in pp collisions

Opportunity of studying novel QCD
phenomena opened up by the LHC Two-particle An-A¢ correlation
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Observation of long-range, near-side angular
correlations in proton-proton collisions at the LHC
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The CMS collaboration

ABSTRACT: Results on two-particle angular correlations for charged particles emitted in
proton-proton collisions at center-of-mass energies of 0.9, 2.36, and 7TeV are presented,
using data collected with the CMS detector over a broad range of pseudorapidity () and
azimuthal angle (¢). Short-range correlations in A7, which are studied in minimum bias

Unexpected ridge-like correlations in high multiplicity pp!



The “ridge” in pp collisions

Two-particle An-A¢ correlation

pp N>110, 1<p;<3 GeV/c
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Unexpected ridge-like correlations in high multiplicity pp!



The “ridge” in pp collisions

Two-particle An-A¢ correlation

pp N>110, 1<p;<3 GeV/c

A preferred plane for particle emission

Unexpected ridge-like correlations in high multiplicity pp!



The “ridge” in pp collisions

Two-particle An-A¢ correlation

pp <N>~15, 1<p;<3 GeV/c pp N>110, 1<p;<3 GeV/c
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No ridge observed in minimum bias pp or any pp MC generators



The “ridge” in pp collisions

Two-particle An-A¢ correlation

pp <N>~15, 1<p,<3 GeV/c pp N>110, 1<p;<3 GeV/c

R(AN,A¢)
e

Peak and away side (A¢~1)
from dijet correlations
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The “ridge” in pp collisions

Two-particle An-A¢ correlation

pp <N>~15, 1<p,<3 GeV/c pp N>110, 1<p;<3 GeV/c

R(AN,A¢)

Peak and away side (A¢~1)
from dijet correlations
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Very high multiplicity pp collisions

Very high-multiplicity pp events are rare in nature
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Very high multiplicity pp collisions

Very high-multiplicity pp events are rare in nature
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High multiplicity in pp and AA

C || CMS Experiment at LHC, CERN
=7 Data recorded: Mon Nov 8 11:30:53 2010 CEST
& | Run/Event: 150431/ 630470

| Lumi section: 173

Quark Gluon Plasma (QGP)
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The “ridge” in pp and AA collisions

p P

35-40%

PbPb 2.76 TeV.
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The “ridge” in pp and AA collisions

p P

PbPb 276 TeV -\~ 3°40%
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Elliptic flow:
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Physical origin of pp ridge Initial-state geometry
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“Smoking gun” of a strongly
interacting QGP liquid! 13



The “ridge” in pA collisions?

p P

R(AN,AQ)

JHEP 09 (2010) 091

dngair
N, dAn dA¢

— b m— —
. . - .

1

35-40%

JHEP 07 (2011) 076
EPJC 72 (2012) 2012 -4

What if colliding a proton and a nucleus?
Is there a ridge”? how big is it and what makes it?
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CMS experiment at the LHC

EM Calorimeter (ECAL) Hadron Calorimeter (HCAL)

Beam Scintillator Counters (BSC)

Forward
Calorimeter
(HF)

Tracker
(Pixels and Strips)

ECAL Inl< 3.0
Tracker Ini< 2.5 Muon System

Unprecedented kinematic range and acceptance
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Proton-nucleus collisions at the LHC

Pb: 1.58 TeV/nucleon

Proton: 4 TeV

_______ P > 2012 pilot run (8 hours): 1 pb-
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Multiplicity distribution in pPb

2 million minimum bias pPb events from 2012 pilot run
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Much easier to reach high multiplicity in pPb, as expected
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Two-particle correlations at CMS

Pair of two primary reconstructed tracks within |n|<2.4
« Trigger particle from a p;9 interval
« Associated particle from a p;#s°¢ interval

Signal-pair distribution
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Two-particle correlations at CMS

Pair of two primary reconstructed tracks within |n|<2.4
« Trigger particle from a p;9 interval
« Associated particle from a p;#s°¢ interval

Signal-pair distribution

1 dZNsame
N.. dAndAg

S(An,A@) =

trig

Triangular shape in An
due to limited acceptance
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Two-particle correlations at CMS

Pair of two primary reconstructed tracks within |n|<2.4
« Trigger particle from a p;9 interval
« Associated particle from a p;#s°¢ interval

Signal-pair distribution Background-pair distribution
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Signal-pair distribution

S(AnA¢)

Two-particle correlations at CMS

Pair of two primary reconstructed tracks within |n|<2.4

« Trigger particle from a p;"9 interval

« Associated particle from a p;#s°¢ interval
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Pair yield per trigger particle:
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Background-pair distribution

Triangular shape in An
due to limited acceptance
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First correlation result from pPb pilot run

Physics Letters B 718 (2013) 795-814

Contents lists available at SciVerse ScienceDirect

Physics Letters B

ELSEVIER www.elsevier.com/locate/physletb

Observation of long-range, near-side angular correlations in pPb collisions at the

LHC Submitted in October, 2012

CMS Collaboration* .
— (one month after data taking)

ARTICLE INFO ABSTRACT

ArtiC(ehr'slory: Results on two-particle angular correlations for charged particles emitted in pPb collisions at a nucleon-
Received 19 October 2012 nucleon center-of-mass energy of 5.02 TeV are presented. The analysis uses two million collisions
Received in revised form 7 November 2012 collected with the CMS detector at the LHC. The correlations are studied over a broad range of

ffline
CMS pPb \/s,, = 5.02 Te{, N’ "™ = 110

1<p <3 GeV/c

Yes, there is a ridge in pAlll

=
s |
Z|= Much more significant than in pp!
5|3
|

| 4 Confirmed later by ALICE and ATLAS
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First correlation result from pPb pilot run

- offline
CMS pPb \fs,, = 5.02 TeV, N "™ < 35
1<p_ <3GeVic

2 million events total
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Dijet-like correlations in low multiplicity (or peripheral) pPb!
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First correlation result from pPb pilot run

CMS Preliminary

pPb \fs,,, = 5.02 TeV, 35 < Ny ™ < 90
1< p, < 3 GeVlic

2 million events total
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Fraction of cross section: 41.9%

Ridge on the near side (A¢~0) turns on as multiplicity increases
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First correlation result from pPb pilot run

CMS Preliminary

pPb \[s\,, = 5.02 TeV, 90 < NETine < 110
1<p, <3CeVic

2 million events total
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26



First correlation result from pPb pilot run

Noffline > 11 0

trk
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A complete picture of ridge correlations
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Is there a common origin of the ridge in all systems?
» Flow-like effect similar to PbPb? Final-state effect seen in pPb?

» Other QCD mechanisms in smaller systems?
28



Hydrodynamic flow in AA

Small pressure gradient

Strongly interacting
system like a liquid

Initial-state eccentricity:

2 2
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Hydrodynamic flow in AA

Real event-by-event -
collision geometry: ,-~

- ~ -

LN 42(v,) cos(2A9)+ 2V, cos(3Ag) + 2V, ) cos(4Ag) + 2(V, )’ os(5Ag)
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Hydrodynamic flow in AA

0.2 I T T
Vo — | ATLAS 10-20%, EP
0.15
S
<. 0.1
<
0.05 ¢
0

Pt [GeV] PRL 110 (2013) 012302

Hydro faithfully transposes this shape into final-state
particle azimuthal correlations
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Ridge from Color Glass Condensate

Ridge in pp and pA from initial gluon saturation (“predicted”)

Intrinsic collimated gluon emission
from glasma diagram (CGC)

BFKL
A1 Minijet

" Glasma graphs

K. Dusling, R. Venugopalan:
arXiv:1210.3890

Proton 1

Proton 2 Smoking gun of gluon saturations?

p-k
Quantum interference of gluons

Key difference: initial-state “geometry” driven or not!  ,



2013 pPb run at the LHC

High-multiplicity trigger in pPb at CMS

CMS Preliminary
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Sampled full 31 nb-'integrated luminosity (60 billion collisions)
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Multiplicity distributions in pPb and PbPb

Direct comparison of pPb and PbPb
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Ridge in PbPb vs pPb

220 <N <260
~ 60% centrality
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Quantify the ridge correlations
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Quantify the ridge correlations

Correlated palr Aq) dlstrlbutlon
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1D A¢ correlation functions
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pr dependence of associated yield

Associated Yield / (GeV/c)
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Jet reglon (|Ar]|<1)
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Ridge yield peaks at
p+"9 ~ 2-3 GeV/c

Similar trend for

(a) Ani>2 | 220= N <260 | | (b) IAnj<1 minus IAn>2 :
1<p <2 GeV/c i 1
L cms P 1
' mPbPb |'s  =276TeV | j
®pPb |s, =5.02TeV | " i -
il gy I o o
| | 1 “
i » 1 o
R e%C e, - 1 QI‘
> & f kg
I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 1 l 1 1 1 1 I 1
0 5 10 0 5 10
p:'g(GeV/c) ptT”g(GeV/c)
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pPb and PbPb
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Associated Yield / (GeV/c)

Multiplicity dependence of associated yield
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Weak dependence of N

Similar trend for pp, pPb and PbPb
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Multiplicity dependence of associated yield

Zoom into low multiplicity region
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Universal turn-on of the ridge at N ~ 407
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Hydrodynamics at its edge: pp and pA?

If accepting the concept of geometry fluctuation,
hydrodynamic flow in pA could be possible

- I I
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o0 = 2 4
A¢ (radians)

Perfectly described by just v,, v, and v,!

0.2 2 4

0'|

P. Bozek, Phys.Rev. C85 (2012) 014911

Issues: smaller system, shorter lifetime, larger viscous correction,

initial condition uncertain. Is hydro still valid? Where is the limit? 40



Flow from multi-particle correlations

> |Is the Ridge just a two-particle effect or involves more particles
» Flow is a multi-particle phenomenon, can be probed via cumulant
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p+ dependence of elliptic flow (v,)

Dash-dotted curves: peripheral subtracted Multiplicity >
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> V,{2} > v,{4} as expected due to flow fluctuations and nonflow

» Similar p; dependence of v,: rise and fall, but smaller in pPb
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Multiplicity dependence of elliptic flow (v,)
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v,{4} turns on at N ~ 40: onset of collective phenomena?
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Multiplicity dependence of elliptic flow (v,)
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Multiplicity dependence of elliptic flow (v,)

Vv, in PbPDb increases

.. PbPb 2.76 TeV
as eccentricity decreases?
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» |ldeal hydro. breaks down for very peripheral PbPDb;

» Finite system size leads to larger viscous correction 47



pr dependence of triangular flow (v;)

Dash-dotted curves: peripheral subtracted Multiplicity >
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Striking similarity of v, for PbPb and pPb systems with
drastically different collision geometry and its fluctuations
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Multiplicity dependence of triangular flow (v,)
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Striking similarity of v, for PbPb and pPb systems with
drastically different collision geometry and its fluctuations
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Multiplicity dependence of triangular flow (v,)
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Striking similarity of v, for PbPb and pPb systems with
drastically different collision geometry and its fluctuations

Can this be understood in hydrodynamics?
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Any other evidence of hydrodynamic flow?

o dN my
Inverse slope, Ty, Of m; distributions: m, dm, T ope
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» No such trend observed in MC models (AMPT, HIJING)
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Any other evidence of hydrodynamic flow?

Inverse slope, T
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> Similar trend as observed in AA collisions

» Radial flow effect: T

slope = Tfreeze-out
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Observation of the “Ridge” in high-multiplicity pp and pPb at the
LHC opened up exciting new opportunities for studying QCD in
high-density environment.

New results from 2013 pPb run, and a direct comparison to PbPb

(who is helping whom?)

» Similar multiplicity and p; dependence of associated yield, elliptic (v,)
and triangular (v5) flow in PbPb and pPb

» Associated yield turns on at N ~ 40, bigger in PbPb than pPb

» Large v, from 4-particle correlations in pPb, turning on at N ~ 40

» Significant v; in pPb, strikingly similar to PbPb

Many theoretical efforts are ongoing:

> ls it collective flow, or final-state interactions? In many aspects consistent

» However, a big challenge to understand hydro in pp and pA: P. Bozek
(arXiv:1304.3044), B. Schenke (arXiv:1304.3403) etc.

> Ifitis flow, is there jet-medium interaction?

» What role does CGC play in this very-high-density gluon state? -



‘DA is like a litmus test. Until we understand pA from our
understanding of pp and AA, we cannot claim to have a
deep understanding of pp and AA.”

Wit Busza

Stay tuned!
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Quantify the ridge correlations
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Ridge most prominently at:
+ high multiplicity, N > 110
* intermediate p; ~ 1 GeV/c

Away-side suppression in pPb?

Stronger ridge in pPb than in pp at fixed N!
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Quantify the ridge correlations
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Quantify the ridge
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« Magnitude of the ridge is much large in pPb than in pp
« “Rise and Fall” as a function of p, similar to pp (even PbPb)!
« Become significant at N=40-50 and linearly increases, similar to pp!
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Gluon

Ridge arising from gluon saturation

<@ O @

At short time scale, many gluons excited in fast moving proton

Low Energy

Density The gluon density saturates at

Grows

a maximal value of 1/ag =» gluon saturation

High Energy

1/Qy? .
Q,(x): semihard scale
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Ridge arising from gluon saturation

K. Dusling, R. Venugopalan:

1 d*N BFKL Mini-jet arXiv:1210.3890

Nryig dA

AN

Glasma graphs BFKL Mini-jet

. Glasma graphs

' 4
’
N / approx. cos2A¢
& AR L -

_ (quadrupole)

Associated

>y A

0 7Ly

« First principle QCD calculations
« Saturation scale (Q,) being essentially the only free parameter
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Ridge arising from gluon saturation

. . . . tri 4SSOC K. Dusling, R. Venugopalan:
Correlation functions in pp for various p;9 and p¢ arXiv:1211.3701, PRL 108 (2012) 262001
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Vey good description of pp ridge data
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Ridge arising from gluon saturation

N and p; dependence of the ridge yield in pp
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K. Dusling, R. Venugopalan:

arXiv:1211.3701, PRL 108 (2012) 262001
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Vey good description of pp ridge data
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Ridge arising from gluon saturation

First ridge data in pPb described by the glasma mechanism
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K. Dusling, R. Venugopalan: arXiv:1211.3701

Smoking gun for gluon saturation?
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Trigger on high-multiplicity events
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CMS trigger and DAQ
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High-Level trigger:

! number of tracks with p;:>0.4 GeV/c, [n|<2,
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within dz<0.12cm of a single vertex
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